A human intervention study was conducted to determine the effect of the consumption of carotenoid-rich vegetables on the immune system. Subjects, (twenty-three men), who were nonsmokers, were not restricted in their daily diet, except that they had to abstain from fruit and vegetables high in carotenoids throughout the whole study period. The study was divided into four periods, each lasting 2 weeks: weeks 1-2: low-carotenoid period; throughout weeks 3-8: daily consumption of 330 ml tomato juice (40 mg lycopene/d, 1⋅5 mg b-carotene/d) (weeks 3-4), 330 ml carrot juice (21⋅6 mg b-carotene/d, 15⋅7 mg a-carotene/d, 0⋅5 mg lutein/d) (weeks 5-6), 10 g dried spinach powder (11⋅3 mg lutein/d, 3⋅1 mg b-carotene/d) (weeks 7-8). Blood was collected weekly from subjects after a 12 h fast. T-lymphocyte functions were assessed by measuring proliferation and secretion of immunoreactive cytokines. The consumption of a lowcarotenoid diet resulted in a significantly reduced proliferation of peripheral blood mononuclear cells (PBMC) cultured with concanavalin A. After 2 weeks of tomato juice consumption and until the end of the intervention period lymphocyte proliferation was not significantly changed compared with proliferation at the end of the depletion period. Secretion of cytokines by T-helper-1-like lymphocytes (interleukin (IL)-2) and by T-helper-2-like lymphocytes (IL-4) was influenced by the dietary intervention. IL-2 and IL-4 secretion values were significantly suppressed after the low-carotenoid diet (P Ͻ0⋅001 and P Ͻ 0⋅05 respectively compared with baseline). Tomato juice consumption significantly enhanced IL-2 (P Ͻ 0⋅001) and IL-4 secretion (P Ͻ 0⋅05) compared with the end of depletion period. After carrot juice and spinach powder consumption the cytokine secretion capacity of PBMC was not significantly different from that at the end of the depletion period. In conclusion, the results of the present study indicate that a lowcarotenoid diet reduces T-lymphocyte functions and addition of tomato juice restores these functions. This modulation could not be explained by changes in the plasma carotenoid concentrations. The active constituents in tomato juice as well as the biological significance of this immunomodulation remain to be determined.
Carotenoids are common constituents in many vegetable and fruit varieties (Mangels et al. 1993) . Only for b-carotene, with its provitamin A activity, have the biological activities of carotenoids been intensively studied (Burri, 1997) . With the results of the Alpha-Tocopherol BetaCarotene (ATBC) and Carotenoid Retinol (CARET) studies (The Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study Group, 1994; Omenn et al. 1996) , however, interest has increased in the physiological effects of carotenoids other than b-carotene. Recently, lycopene and oxocarotenoids (xanthophylls) have become a major focus in carotenoid research (Stahl & Sies, 1996; Bone et al. 1997; Gerster, 1997) .
The immunomodulatory activity of b-carotene has been thoroughly investigated in several animal species and in a number of human trials (Bendich, 1989; Watson et al. 1991; Meydani et al. 1995a) . While the animal studies have shown an immunoenhancing effect of pure b-carotene (Bendich, 1991) , results from human trials are inconsistent. Studies have reported stimulation of various immune functions with b-carotene supplementation (Meydani et al. 1995b; Moriguchi et al. 1996; Santos et al. 1996; Hughes et al. 1997a,b; Kazi et al. 1997) or have observed no effects (Meydani et al. 1995b; Kramer & Burri, 1997) . Most human studies have used pure b-carotene in dosages ranging from 15 to 300 mg/d for short-and long-term periods (Meydani et al. 1995b ).
Depletion studies with low-b-carotene diets have revealed conflicting results. Daudu et al. (1994) reported no effect on lymphocyte proliferation of a low-b-carotene diet consumed for 68 d, while Kramer & Burri (1997) observed a suppressed proliferative responsiveness of lymphocytes in human subjects consuming a low-b-carotene diet (0⋅5 mg/d) for 60 d. These controversial results may be due to methodological differences in the protocol of peripheral blood mononuclear cell (PBMC) isolation.
Besides b-carotene only lycopene has been studied in human subjects. Supplementation with 15 mg lycopene/d for 28 d induced no consistent changes in monocyte surface marker expression (Hughes et al. 1997b) . The immunomodulatory activity of other carotenoids in human subjects is not known. There is one study which investigated the effects of consuming carotenoid-rich vegetable extracts on lymphocyte functions (T-lymphocyte proliferation) in human subjects (Clevidence et al. 1997) . In this study a carotenoid complex from vegetables was consumed, which provided b-carotene (3⋅3 mg/d), lycopene (0⋅6 mg/d) and lutein/zeaxanthin (1⋅5 mg/d). Lymphocyte proliferation was enhanced after the consumption of the carotenoid complex. So far, no study has investigated the effects of consuming carotenoidrich vegetables on the human immune system.
The objective of the present study was to examine the effects of consuming different carotenoid-rich vegetable products on T-lymphocyte functions in healthy adult male subjects. Carotenoids (a-carotene, b-carotene, lycopene, lutein) were provided by highly accessible food matrices (processed vegetable products) in amounts possibly consumed by people eating a Mediterranean-type diet. In a preliminary study we showed that for processed carotenoidrich vegetables a supplementation period of 2 weeks was sufficient to increase plasma carotenoid concentrations 2-3-fold (H Müller, A Bub, B Watzl and G Rechkemmer, unpublished results). In the present study, after a carotenoid depletion period of 2 weeks the low-carotenoid diet of the subjects was supplemented daily for 2 weeks with tomato juice (lycopene) followed by carrot juice (a-carotene, b-carotene) and by spinach powder (lutein). No wash-out periods between the different supplementation periods were used in order to mimic more closely the dietary behaviour of consumers. Plasma concentrations of major carotenoids (including trans-and cis-isomers and epoxides), a-and gtocopherols, retinol, and ascorbic acid were measured (Müller et al. 1999) . T-lymphocyte functions were assessed by measuring mitogen-activated proliferation. In order to detect whether T-lymphocytes were affected as a total cell population or whether subgroups of T-lymphocytes were differentially affected, the secretion of T-helper-1 lymphocyte specific (interleukin (IL)-2) and T-helper-2 lymphocyte specific (IL-4) cytokines was quantitated.
Subjects and methods

Subjects
Twenty-three non-smoking men (aged 27-40 years), with normal weight (BMI 23⋅1 (SD 0⋅39) kg/m 2 ) were recruited for the study. All subjects were in good medical health as determined by a screening history and medical examination.
None was taking vitamin supplements or medications from 1 month before or during the study. The study was approved by the Medical Ethical Committee of the Landesärztekam-mer Baden-Württemberg and all participants gave their consent in writing. All participants were employees from the Research Centre Karlsruhe, where the Institute of Nutritional Physiology of the Federal Research Centre for Nutrition is located.
Study design
This study was conducted during the months of October to December. The study was divided into four periods each lasting 2 weeks, resulting in a total study period of 8 weeks: weeks 1-2 low-carotenoid period, weeks 3-4 tomato juice consumption (330 ml/d providing 40 mg lycopene and 1⋅5 mg b-carotene; Schoenenberger, Magstadt, Germany), weeks 5-6 carrot juice consumption (330 ml/d providing 21⋅6 mg b-carotene, 15⋅7 mg a-carotene and 0⋅5 mg lutein; Schoenenberger), weeks 7-8 spinach powder consumption (10 g/d providing 11⋅3 mg lutein and 3⋅1 mg b-carotene; Völpel, Königsmoos, Germany). In order to supply a standardized quantity of carotenoids through the vegetables, we used vegetable juices. Since there was no juice from green, lutein-rich vegetables available on the German market, we decided to use spinach powder, which was dissolved by the study subjects in water, milk, yoghurt or soup. Subjects were told to consume the vegetable products with their main meals. Subjects were not restricted in their daily diet except that they had to abstain from fruit and vegetables high in carotenoids throughout the whole study period. A list of the fruit and vegetables the subjects were not allowed to eat was provided (Müller et al. 1999) . Subjects had to record their daily fruit and vegetable consumption throughout the whole study period. The daily carotenoid intake provided by fruit and vegetables was quantified by using a dietary assessment software package (PRODI 4.4, Nutri-Science, Karlsruhe, Germany), which is based on the German Food Code and Nutrition Data Base (Bundesinstitut für gesundheitlichen Verbraucherschutz und Veterinärmedizin, 1994) . Total carotenoid and ascorbic acid intakes of the study subjects before the study period were assessed using a validated food-frequency questionnaire (Boeing et al. 1997) .
Preparation of peripheral blood mononuclear cells
Blood from fasting subjects was collected once weekly between 07.00 and 09.00 hours; plasma was separated and an equal amount of PBS was added. PBMC were isolated by density-gradient centrifugation using Histopaque 1077 (Sigma, Deisenhofen, Germany) and were washed twice with PBS. Purified PBMC were resuspended in complete RPMI-1640 culture medium (Life Sciences, Eggenstein-Leopoldshafen, Germany), containing 50 ml fetal bovine serum/l (Life Sciences), L-glutamine (2 mmol/l), penicillin (100 000 U/l) and streptomycin (100 mg/l). Trypan blue staining was used to assess cell viability, and lymphocytes were counted in a haemocytometer under a light microscope.
Leucocyte numbers
Total leucocyte numbers were determined on fasting blood after each week. Leucocyte numbers were obtained by using an automated analyser (F-300, Sysmex, Hamburg, Germany) according to standard operational procedures.
Lymphocyte proliferation
PBMC from each subject at 1 × 10 9 cells/l in complete RPMI-1640 medium were cultivated in quadruplicate in flat-bottomed ninety-six-well microtitre plates (Greiner, Nürtingen, Germany) and stimulated by the T-cell mitogen concanavalin A (ConA; 5 mg/l; Sigma) for 120 h at 37Њ in an atmosphere of 50 ml CO 2 /l and 95 % humidity. PBMC were pulse-labelled with the thymidine analogue 5-bromo-deoxyuridine (100 mol/l; Boehringer, Mannheim, Germany) for 3 h at 37Њ. The incorporated 5-bromodeoxyuridine was detected by a quantitative cellular enzyme immunoassay using a commercial ELISA kit (Boehringer), following the manufacturer's instructions. The amount of incorporated 5-bromo-deoxyuridine is quantified by measuring the absorbance of the samples in a multiplate spectrophotometer (Molecular Devices, Menlo Park, CA, USA) at 450 nm (reference wavelength 650 nm). As background control absorbance was measured in wells which were not pulse-labelled with 5-bromodeoxyuridine. Proliferative responses were expressed as the net absorbance values (absorbance A450 nm − A650 nm of pulselabelled cells − absorbance A450 nm − A650 nm of unlabelled cells).
Interleukin-2 and interleukin-4
PBMC from each subject at 1 × 10 9 cells/l in complete RPMI-1640 medium were stimulated in quadriplicate by 5 mg ConA/l for 48 h at 37Њ. Microplates were centrifuged for 5 min at 300 g and cell-free supernatant fractions were collected and stored at −80Њ until analysis. IL-2 and IL-4 were quantified by ELISA methods. For IL-2, microtitre plates (Maxisorp, NUNC, Roskilde, Denmark) were coated with 50 l of an anti-human IL-2 monoclonal antibody (4 mg/l carbonate buffer, pH 9⋅6; R&D Systems, Wiesbaden, Germany) and stored overnight at 4Њ. Between subsequent steps in the assay, plates were washed five times with PBS-Tween (0⋅01 M-PBS containing 0⋅5 ml Tween 20/l) with an automated plate washer (Molecular Devices). Non-specific binding was blocked by adding 50 l bovine serum albumin (10 ml/l in PBS-Tween; Boehringer) for 1 h at 37Њ. Plates were incubated with supernatant fractions and with serial dilutions of recombinant human IL-2 (R&D Systems) diluted in complete RPMI-1640 medium. Then 50 l of a polyclonal goat anti-human IL-2 neutralizing antibody (8 mg/l PBS-Tween and 10 ml bovine serum albumin/l; R&D Systems) was added for 1 h at room temperature, followed by a further 1 h of incubation with 50 l of a rabbit anti-goat immunoglobulin G peroxidase-conjugated antibody (dilution 1 : 40 000 in PBS-Tween and 10 ml bovine serum albumin/l; Jackson ImmunoResearch Laboratories, Hamburg, Germany). As a peroxidase substrate, 100 l of a 2,2Ј-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid buffer (ABTS; Sigma) (0⋅54 g ABTS and 21 g citric acid monohydrate, in 1 litre water, pH 4⋅2, with final concentration of 0⋅3 ml H 2 O 2 /l) was used. Optical density was measured with a multiplate spectrophotometer (Molecular Devices) at 405 nm.
IL-4 was measured in a similar way to IL-2 with the following reagents. Coating: polyclonal anti-human IL-4 (0⋅5 mg/l; Endogen, Cambridge, MA, USA); blocking: 40 ml bovine serum albumin/l in PBS-Tween; standards: recombinant human IL-4 (Endogen); detecting antibody: biotin-labelled anti-human IL-4 monoclonal antibody (0⋅25 mg/l; Endogen); peroxidase-conjugated streptavidin (0⋅5 mg/l; Jackson ImmunoResearch Laboratories).
Statistics
The results for plasma carotenoids and leucocyte numbers are expressed as means and standard deviations and the results for the immunological measurements as means with their standard errors. Differences between values for week 2 (end of depletion) and supplementation with the vegetable products for 2 weeks within the same group were examined by Wilcoxon matched pairs signed rank test. Statistical significance was accepted at P Ͻ 0⋅05. All statistical calculations were performed with the Statistical Analysis Systems computer software program (SAS for Windows, version 6.12; SAS Institute, Cary, NC, USA).
Results
Plasma carotenoids
Compliance of the study subjects was high, with no subject missing the daily intake of the vegetable products. During the 2-week low-carotenoid period there was no statistically significant change in plasma carotenoids compared with prestudy plasma concentrations (Table 1) . Tomato juice, carrot juice, and spinach powder consumption each resulted in a significant increase of the vegetable-specific carotenoids compared with plasma concentrations at the end of the depletion period (Table 1 ). The increase in lycopene concentration in week 4 was not associated with changes in other carotenoids (Müller et al. 1999 ). In week 6 plasma lycopene concentration returned to baseline concentration. Plasma retinol, a-tocopherol and ascorbic acid concentrations did not change throughout the intervention period (Müller et al. 1999 ; A Bub, B Watzl, J Wever, SL Abrahamse, H Delincée, ST Adam, S Mittenzwei, J Hegele, H Müller and G Rechkemmer, unpublished results). The average daily intake of total carotenoids from self-selected foods during the study period based on food records was 1⋅32 (SD 0⋅57) mg, with 57 % derived from b-carotene, 6 % from a-carotene, 36 % from lutein and 2 % from lycopene. Total carotenoid and ascorbic acid intakes before the study period were calculated to be 3⋅48 (SD 2⋅17) mg/d and 114⋅3 (SD 48⋅9) mg/d respectively.
Leucocyte numbers
Total leucocyte numbers were constant throughout the whole study period starting with 5⋅5 × 10 9 cells/l and ending with 5⋅2 × 10 9 cells/l (range 5⋅1-5⋅5 × 10 9 cells/l).
Lymphocyte functions
In a dose-response curve with ConA, 5 mg ConA/l gave the maximum proliferative responsiveness and maximum cytokine secretion. This concentration was, therefore, used throughout the study. Lymphocyte proliferation decreased at the end of the low-carotenoid period (week 1 v. week 2, P = 0⋅07) and after the first week of tomato juice consumption proliferation was significantly suppressed compared with proliferation at the end of the depletion period (Table 1) . After a further week of tomato juice consumption and until the end of the intervention period proliferation did not differ compared with proliferation at the end of the depletion period (Table 1 ).
The concentrations of immunoreactive IL-2 secreted into the culture media by the PBMC from study subjects when cultured with ConA are shown in Fig. 1 . There was a significant decline in the capacity to secrete IL-2 after 2 weeks of consuming the low-carotenoid diet. The supplementation with tomato juice activated PBMC to secrete IL-2 in an amount similar to the prestudy concentration. After the 2 weeks of carrot juice consumption and after two further weeks of spinach powder consumption no increased capacity to secrete IL-2 compared with week 2 was observed.
The capacity of PBMC to secrete immunoreactive IL-4 was also modulated by the dietary intervention. The low carotenoid intake during the first 2 weeks resulted in a significant reduction of IL-4 secretion (Table 1) . Tomato juice consumption for 2 weeks increased IL-4 secretion capacity of PBMC significantly. Again, 2 weeks of carrot juice consumption and of spinach powder consumption did not result in an enhanced IL-4 secretion compared with the end of the depletion period.
Discussion
The immune system is a major component in the pathogenesis of several chronic diseases like cancer and cardiovascular disease. Epidemiological studies have consistently found that an inverse relationship between intake of vegetables and fruit and risk for these diseases exists (Steinmetz & Potter, 1991; Block et al. 1992; Key et al. 1996; Ness & Powles, 1997) . The constituents in vegetables and fruit contributing to the preventive effects are not yet identified. In addition, a strong inverse association between dietary intake of b-carotene and cancer risk has been observed in several epidemiological studies (Mayne, 1996) . Since dietary b-carotene is mostly provided by vegetables and fruit, the immunomodulatory activity of b-carotene may contribute to the observed protective effects of these food items.
Subjects enrolled in our present study had a total carotenoid intake of 3⋅48 (SD 2⋅17) mg/d before entering the study. Since the average carotenoid intake of males in Table 1 . Plasma carotenoid concentrations (mol/l) and proliferation and interleukin-4 production (pg/ml) by peripheral blood mononuclear cells of subjects consuming a low-carotenoid diet (weeks 0-2) supplemented with tomato juice (weeks 3-4), carrot juice (weeks [5] [6] (1999) . Plasma carotenoids were not determined at weeks 1, 3, 5 and 7. § Measured as absorbance at 450 nm minus absorbance at 650 nm. Fig. 1 . Concentration of interleukin-2 (pg/ml) secreted by peripheral blood mononuclear cells (PBMC) activated with concanavalin A (5 mg/l) and cultured for 48 h at 37Њ and 50 ml CO 2 /l. PBMC were isolated from subjects (n 23) who consumed a low-carotenoid diet (weeks 0-2), which was supplemented with tomato juice (weeks 3-4), carrot juice (weeks 5-6) or spinach powder (weeks 7-8). Values are means with their standard errors represented by vertical bars. Mean values were significantly different from those for week 2: *P Ͻ 0⋅05, ***P Ͻ 0⋅001.
Germany (aged 24-50 years) is 5⋅6 mg/d (Pelz et al. 1998) , our study subjects were consuming relatively low levels of fruit and vegetables. The results of our study show that the consumption of a diet low or high in carotenoid-rich vegetable products modulates T-lymphocyte functions as measured in in vitro assays. A low intake of carotenoid-rich vegetables decreased lymphocyte proliferation and inhibited the capacity to secrete cytokines, although plasma carotenoid concentrations were not reduced significantly during this period. Supplementing the low-carotenoid diet with vegetable products high in specific carotenoids significantly increased plasma concentrations of these carotenoids. However, only after the tomato juice period were T-lymphocyte functions enhanced compared with the end of the depletion period. This enhancement was paralleled by a significant increase in plasma lycopene concentration (Müller et al. 1999) . The reduced lymphocyte proliferative responsiveness observed after 1 week of tomato juice consumption may have been a consequence of the preceeding low-carotenoid period and not an effect of the tomato juice consumption. The different kinetics of the dietary intervention on T-lymphocyte proliferation and IL-2 secretion suggests that IL-2 secretion capacity is more sensitive to such dietary treatments than T-lymphocyte proliferation. Reduction of IL-2 secretion in week 2 preceded the lowered lymphocyte proliferation in week 3 and the recovery in IL-2 secretion in week 3 preceded the recovery in lymphocyte proliferation.
After carrot juice and spinach powder consumption, T-lymphocyte functions were not significantly different compared with week 2 (end of depletion). While at the end of week 6 plasma lycopene concentration had returned to the prestudy concentration, a-and b-carotene and lutein concentrations were increased compared with week 2. These results suggest that tomato juice consumption, as indicated by the high plasma lycopene concentration, is related to the increased cytokine secretion capacity observed after week 4, and tomato juice-specific ingredients may be necessary for adequate T-lymphocyte functions.
Other studies have also investigated the impact of lowcarotenoid diets on lymphocyte functions. Consumption of a low-carotenoid diet (b-carotene Ͻ 0⋅1 mg/d or = 0⋅5 mg/d) for 60 d significantly suppressed lymphocyte proliferation without significantly changing plasma b-carotene concentrations (Kramer & Burri, 1997) , which helps to confirm the results of the present study. The uptake of a carotenoid complex from vegetables for 20 d corrected the proliferative response (Kramer & Burri, 1997) . These results suggest that a b-carotene dosage of 0⋅5 mg/d may be too low to allow normal proliferation or that the uptake of a mixture of several carotenoids is required in order for lymphocytes to function properly. The results of both studies also question the significance of plasma b-carotene concentrations during b-carotene depletion periods as a factor influencing lymphocyte functions. Probably PBMC carotenoid concentrations more closely mirror the effect of low-carotenoid diets as has been suggested by others recently . In addition, non-carotenoid constituents in carotenoid-rich vegetables could also modulate T-lymphocyte functions. A similar study design was used in another investigation in which b-carotene depletion as well as repletion with pure b-carotene (15 mg/d) did not influence lymphocyte proliferation (Daudu et al. 1994) . In this study plasma b-carotene concentration significantly decreased during depletion.
In several studies supplementation with b-carotene without using a depletion period before supplementation did not affect lymphocyte proliferation (Ringer et al. 1991; Meydani et al. 1995a) . In a study on nutrition and lymphocyte proliferation in young and aged subjects plasma b-carotene concentration also did not correlate with lymphocyte proliferative responsiveness (Gardner et al. 1997) . Only one study has clearly demonstrated a stimulatory effect on lymphocyte proliferation after supplementation with 30 mg b-carotene/d for 28 d (Moriguchi et al. 1996) . Besides b-carotene there is no in vivo study on lycopene and lymphocyte proliferation and only one study which has investigated the effect of lutein on lymphocyte proliferation. In this animal study a lutein-rich extract from marigold (Tagetes patula) was applied orally for 2 and 4 weeks. This treatment resulted in an enhanced lymphocyte proliferation after 2 weeks of supplementation (Chew et al. 1996) .
IL-2 and IL-4 are cytokines which are both produced by activated T cells. While IL-2 production is concentrated among T-helper-1 cells, IL-4 is primarily produced by T-helper-2 cells (Mosmann & Sad, 1996) . IL-2 plays an important role in the proliferation of T cells following in vitro stimulation with T-cell mitogens such as ConA. IL-4 has also been shown to stimulate T-cell proliferation. In the present study the low carotenoid intake resulted in a significantly reduced IL-2 secretion capacity. This reduction was paralleled by a suppressed proliferative response of these cells. According to these results carotenoids, or other substances provided by the consumption of carotenoidrich vegetables, may stimulate proliferation via their impact on IL-2 and/or IL-4 production. No other study looking at the effect of a high carotenoid intake through the consumption of vegetables on cytokine secretion has been published.
Several studies have investigated the effect of pure b-carotene on IL-2 production and on IL-2 receptor expression on activated lymphocytes in human subjects. Supplementation with b-carotene had no effect on IL-2 production in human subjects (Moriguchi et al. 1996; Santos et al. 1996) or in mice (Chew et al. 1996) and did not enhance IL-2 receptor expression on PBMC (Daudu et al. 1994; Santos et al. 1996) . Only in one study using four subjects did b-carotene supplementation result in enhanced IL-2 receptor expression on T lymphocytes (Watson et al. 1991) . In in vitro studies with T-helper-1 and T-helper-2 clones, neither lycopene nor lutein affected the production of a T-helper-1 specific (interferon-g) and of a T-helper-2 specific cytokine (IL-5) (Iyonouchi et al. 1996) . Overall the majority of studies clearly show that pure carotenoids do not modulate T-cell cytokine production. This again suggests that probably other constituents in carotenoid-rich vegetables mediate the observed effects on T lymphocytes. In previous studies it has also been shown that b-carotene in vitro has no effect on interferon-g secretion, however, the secretion of monokines (IL-1, tumour necrosis factor a) was significantly increased in vitro (Abdel-Fattah et al. 1993) and in vivo (Hughes et al. 1997a ).
One potential mechanism for an immunomodulatory effect of carotenoids is their ability to act as antioxidants and to quench singlet oxygen, which results in a lower generation of free radicals (Bendich, 1996) . Free radicals are known to impair the integrity and functionality of membrane lipids and to affect signal transduction and gene expression in immune cells (Meydani et al. 1995b) . Genotoxicity studies with PBMC from our study subjects revealed that there were fewer oxidized pyrimidine bases of the DNA after carrot juice consumption (Pool-Zobel et al. 1997) indicating antioxidative efficacy of carrot juice ingredients. However, the capacity of these PBMC to secrete IL-2 was not significantly different after carrot juice consumption compared with the end of the depletion period, which would not be in line with the proposed hypothesis. Furthermore, no close relationship was observed in vitro between the antioxidant activity of carotenoids and their modulating effect on T-helper cell functions (Iyonouchi et al. 1996) .
The observed differences between the immunomodulatory potential of tomato juice, carrot juice, and spinach powder could be caused at least in part by the different quantities of vegetable products given to the study subjects. While tomato juice and carrot juice at a dose of 330 ml/d provided lycopene 28-fold and b-carotene 10-fold higher than the average intake in Germany, 10 g/d spinach powder provided only five times the quantity of average lutein intake (Pelz et al. 1998) . In addition, due to the design of our study without the use of wash-out periods, we do not know whether the treatments functioned independently, limiting the interpretation of our results. Because the treatment of the subjects was not randomized we do not know whether the two other vegetable products given after the depletion period would have induced the same results as were achieved with the tomato juice. In future studies the immunomodulatory activity of single vegetable products such as tomato juice should be investigated over a time range allowing the immunological effects to reach stability.
In conclusion, the results of the present study show that in healthy male adults the consumption of a low-carotenoid diet reduced T-lymphocyte functions. Tomato juice consumption restored these functions. During the intervention period the treatment with vegetable products never resulted in the stimulation of T-lymphocyte functions beyond baseline values, although the study subjects showed significantly elevated plasma carotenoid concentrations after the dietary intervention compared with baseline. The active constituents in tomato juice which mediate the immunomodulatory effects, as well as the biological significance of this, must be determined in further investigations.
